Next generation light sources such as energy recovering linacs (ERLs) are highly sensitive to instabilities due to ionized residual gas, which must be mitigated for successful operation. Vacuum pumps are insufficient for removal of the ions, as the ions are trapped by the beam's electrical potential. Two effective measures are (i) introducing clearing gaps in the bunch train, and (ii) installing clearing electrodes which pull out the trapped ions from the electrical potential of the beam. In this paper, we present numerical studies on the behavior of ion clouds that interact with bunch trains in an ERL taking into account the effects of the clearing gaps and clearing electrodes. We present simulations with different compositions of the residual gas. Simulations are done using the MOEVE PIC Tracking software package developed at Rostock University, which has been upgraded to include the behavior of ion clouds in the environment of additional electromagnetic fields, such as generated by clearing electrodes. The simulations use the parameters of the Berlin Energy Recovery Linac Project (bERLinPro) to allow for the deduction of appropriate measures for bERLinPro 's design and operation.
I. INTRODUCTION
In an electron accelerator, several effects such as collision with the electron beam, synchrotron radiation and field emission can lead to ionization of the rest gas in the beam pipe. The positive ions can be trapped in the negative electrical potential of the electron beam and lead in turn to an increase of the beam halo, to emittance blowup and to transverse and longitudinal instabilities by interacting (oscillating) resonantly with the beam. There are several measures for avoiding the ion-trapping such as utilizing clearing electrodes or using short or long clearing gaps.
Clearing electrodes seem to be simple and goal-oriented as they pull out the trapped ions from the vicinity of the beam. However, as they superimpose additional electric fields to the electromagnetic field configuration given by the magnets and the transitory bunches, detailed investigations on their optimum shapes and maximum voltages in connection with the expected gas mixtures are mandatory.
A long clearing gap between two trains of highrepetition rate bunches allows for ions to drift out of the beam potential and thus to reach the wall of the vacuum chamber, while a short clearing gap causes large oscillations of ions around the beam which in turn clear the vicinity of the bunches from the ions. Please note that clearing gaps in an energy recovering linac (ERL) do not mitigate the fast ion instability, as they do not preclude ions from accumulating in a single bunch train and interacting resonantly with the electrons in that train [1, 2] . However, the applicability of the long-gap approach in ERLs suffers from the transient effects of the rf systems [1] . The short clearing gaps on the other hand seem to be favorable, in particular as experimental and numerical studies indicate that multi-bunch trains with short gaps are very effective in suppressing the ion trapping process [3] . Furthermore, in an ERL the transient rf effects can be avoided by ensuring that the clearing gaps in the accelerating and in the decelerating beam coincide. Although short clearing gaps in the ERLbeam allow for suppression of the ion accumulation in the vicinity of the beam, they are not totally welcome because they change the continuous wave (CW) characteristics of the radiation delivered by the ERL. Therefore, to keep the time characteristic as CW-like as possible, frequent but extremely short bunch gaps are favorable (CW means here, a beam consisting of equidistant pulses coming with a repetition rate up to GHz).
In the presented work, we introduce a newly implemented numerical method for the study of the behavior of ionized residual gas, where the fields of clearing electrodes as well as the electrical potential of transitory electron bunches are included. It allows for the 3D tracking of different particle species including the computation of the full 3D space charge fields. Thus, we are able to estimate clearing times, to undertake detailed studies of the behavior of the ions under the influence of the fields of the electrodes with different voltage and the transitory bunch, and to investigate the impact of the different long clearing gaps. The starting point for this new implementation was the software package MOEVE PIC Tracking developed in Rostock originally for the simulation of single bunch instabilities caused by an electron cloud [4] [5] [6] . The software package has been further developed to model the interaction of the ions with the electron beam in presence of external electromagnetic potentials such as the field of clearing electrodes [7, 8] .
For the numerical simulations presented, we have used the parameters planned for bERLinPro described in [9] as an example. The parameters relevant for the simulations in this paper are summarized in Table I . With the exception of the beam energy, these parameters are very close to those of the Cornell X-ray ERL where in an analytical study it has been shown that ions are a critical issue for the optimum operation of the ERL [1] . Please note that the beam energy has an indirect influence on the beam ion interaction via transverse beam size. Similar to the Cornell ERL, for machine settings envisaged for bERLinPro, all ions have an atomic mass larger than the critical mass (please, see next section for the definition) and are therefore trapped in the electrical potential of the bunch. Thus, following [1] one can expect that the degradation of the beam quality caused by the ions is a serious threat to an optimum operation of bERLinPro, making detailed analytical and numerical investigations essential for the design of the facility. In this paper, we especially consider the influence of different compositions of the residual gas on the clearing time. We also study the impact of clearing gaps with different lengths. In particular we investigate whether a bunch gap as short as one accelerating bucket occurring very frequently can excite oscillations large enough to clear the vicinity of the beam.
The paper is organized as follows: a brief introduction of the analytical formulas describing the physics of beam-ion-instability and ion-clearing process in the second section of the paper is followed by a detailed description of the simulation tool MOEVE PIC Tracking in Sec. III. The numerical results are detailed in Sec. IV followed by the discussion and concluding remarks in Sec. V.
II. BEAM-ION-INSTABILITY AND ION-CLEARING PROCESS
As discussed above, several effects can lead to ionization of the rest gas in the accelerator environment. The negative potential of the electron beam captures then the positive ions, leading either to scattering processes which increase the beam halo and blow up the emittance or to transverse and longitudinal coupled ion-beam oscillations which also can blow up the emittance and lead to beam losses. Therefore, clearing out the pipe of ions is mandatory. In a high repetition rate ERL, additional measures such as clearing electrodes and clearing gaps are needed in order to sufficiently clear out the pipe of the ions. In this section, analytical formulas describing the process of ion accumulation, the ion oscillation and the clearing process are provided.
A. Ionization accumulation and ion oscillation
The positively charged ions are attracted to the electron beam. Ions with an atomic mass larger than the critical mass [see Eq. (1)] will be trapped in the electrical potential of the beam. They start to oscillate around the electron beam, thereby exciting oscillations of the electron bunches in turn. For the oscillation frequency of the ion cloud there are several theoretical results available [3, 10] .
Let λ e denote the line charge of the bunch, r p the classical proton radius, c the speed of light in vacuum, N b the number of electrons per bunch, L sep the bunch separation, A the relative atomic mass of the ion, σ i;x , σ i;y the transversal dimension of the ion cloud and σ e;x , σ e;y the transversal rms bunch size.
The critical mass, A crit , is defined by
Due to the large beam size and the small charge of the bunches envisaged for bERLinPro A crit is less than one, thus all the ions will be captured in the electron beam potential. The frequency of the ion oscillation ω i;x according to Chao [10] is 
where it is assumed that the ions are produced at rest and that they have a uniform distribution. i;x;y =2 the parameter k x;y yields k x;y ¼ 3=2. Although these results are obtained with a Gaussian distribution of the ions in the cloud the authors of [3] point out that the ion cloud's transversal distribution has a peak-like shape. This is confirmed by our simulations using a parameter set similar to that of bERLinPro (see Fig. 1 ).
Please note that the ions in the cloud repel each other. So far in the literature, these repulsive forces have been neglected in the analytical considerations, as they complicate the calculations further. However, in the presented studies they are included showing interesting aspects of the motions of ions in the vicinity of the electrodes and the bunch.
B. Clearing electrodes
The electric force generated by the static fields of these electrodes pulls the ions out of the beam's potential. For this purpose, the voltage of the electrodes has to be sufficiently large. For the computation of the potential U in the center of the bunch we consider the formula given in [11] :
Here, I denotes the current, ε 0 the vacuum permittivity, β the ratio of the velocity and the velocity of light c, r c the radius of the vacuum chamber and a the rms radius of the beam, respectively. Note that the potential U denotes a potential at the transverse center of the beam and thus virtually at the transverse center of the beam pipe. Being positioned on the chamber wall, the electrodes have a distance of r c to the beam center, so that their voltage needs to be a factor ðr c =aÞ 2 higher to equal the beam potential. For the extraction of trapped ions from the beam, the voltage of the electrodes needs to be even higher than the beam potential. For bERLinPro clearing electrodes, depending on the location a voltage of about 800 V to 1000 V is necessary to equal the beam potential. Increasing these voltages by a factor three, we assume that a reasonably fast ion extraction is enabled. Averaging over all possible electrode locations, an average clearing voltage of U ≈ −2625 V is calculated for a ¼ 0.7 mm and r c ¼ 2 cm.
C. Clearing gaps
Assuming that the ions are generated with near thermal velocities, it is a simple conclusion that they are not free to drift in the vacuum chamber. They experience at the one hand the space charge potential of the electron beam as long as the beam is not fully neutralized and at the other hand the repulsive forces of the neighboring ions. Of course there are also additional external magnetic fields such as dipole and quadrupole fields which we omit in the presented study. Their effects on the ions are subject to ongoing studies [12] . The beam potential attracts the ions toward the center of the beam thus causing the previously discussed transverse oscillations of the ions with an amplitude given by their transverse position at "birth" [13] .
A gap in the bunch train is a significant change in the field configuration of the entire system of beam and ions. In contrast to a long clearing gap which allows for the ions to fully escape the beam potential and reach the chamber wall, in a short clearing gap the ions have not enough time to escape the beam. However, the short gap gives the beam potential a time structure. This leads to a time dependent attractive force with many frequency components which in turn excites large ion oscillations clearing the vicinity of the beam [1, 3] .
However, also very short clearing gaps change the CW characteristics of the electron beam. In order to keep the time characteristic as CW-like as possible, frequent but extremely short bunch gaps are favorable. This raises the question whether a bunch gap as short as one bunch occurring very frequently can excite oscillations large enough to clear the vicinity of the beam.
III. SIMULATION TOOL MOEVE PIC TRACKING
The simulation tool MOEVE PIC Tracking allows for the computation of the interaction of the ion cloud with the bunch and includes the field generated by the clearing electrodes [8] . It has been developed at the University of Rostock for the tracking of charged particles taking into account the 3D space charge fields in each tracking step [6, 7] .
Hence, this approach allows for very detailed numerical studies of the dynamics of ion clouds beyond established analytical results [1, 11, 14] .
For the determination of the self-induced space charge fields the particle-mesh method [15] is implemented in MOEVE PIC Tracking. Hereby, a computational domain Ω is constructed around the particles. In our model Ω is transversally determined by the wall of the vacuum chamber and longitudinally by some additional space around the particle cloud. For this domain Poisson's equation has to be solved to obtain the potential φ by
where ϱ denotes the charge distribution and ε 0 the permittivity in vacuum. In the presented simulations, the domain Ω of our model is a short piece of a beam pipe with elliptical cross-section. On the surface of the pipe a perfectly conducting boundary is assumed (φ ¼ 0). Additionally, φ ¼ 0 is chosen in longitudinal direction in order to achieve a stable solution algorithm. This assumption is satisfied if the boundary is located far enough from the particle cloud. All boundary parts with φ ¼ 0 are summarized by ∂Ω 1 . Boundary ∂Ω 2 denotes the location of the electrodes with a given potential φ 0 . The numerical solution of Eq. (6) is performed with the following steps: (i) discretization of Eq. (6) by second order finite differences, (ii) distribution of the particle's charge to the mesh points, (iii) numerical solution of the resulting system of equations by a multigrid preconditioned conjugate gradient method [7] , (iv) determination of the electric field at the grid points by
(v) interpolation of the field values that are available at the grid points to the position of the particles. Considering the interaction, the field values of ions have to be interpolated to the position of both macro electrons and ions, whereas the field generated by the bunch has to be interpolated to the position of the ions [compare Eqs. (11) and (12) below].
As the number of electrons per bunch is usually more than 10 8 , the concept of macro-particles is applied for the electrons, summarizing a large number of electrons in a macro-electron. The steps described above are applied separately for each particle species: the macroelectrons of the bunch and the ions. It is worth mentioning that the Poisson equation for the bunch has to be solved in the rest frame of the bunch and that the resulting field has to be transformed back to the laboratory frame. Furthermore, the field of the electrodes is not considered for the bunch, i.e., the boundary condition simplifies to
The interaction between a bunch and the ion cloud is computed within the tracking step as follows. Let E b and E i denote the electric field generated by the bunch and by the ions, further v b and v i the velocity of the bunch's particles and the velocity of the ions, respectively. Then, the force acting on the bunch's particles is given by
and the force acting on the ions is given by
Now assuming that the bunch moves longitudinally nearly with the speed of light
c 2 ¼ −E b and the force on the bunch simplifies to
Further, considering Eq. (10) we can assume v i ≪ v b and obtain for the force on the ions
After the interaction the ions are tracked further taking into account only the field induced by the ions until the next bunch arrives and the interaction is computed again.
IV. NUMERICAL RESULTS
For the evaluation and a deeper understanding of the numerical results presented in this work, the details of modeling the electron and ion distributions as well as the exact description of the individual simulations are essential. Therefore, the following section starts with the details of particle modeling and the benchmarking test verifying the applicability of the upgraded code, and then presents the results of the numerical studies.
A. Modeling the initial bunch and ion cloud
The models for bunch and ion cloud are based on 3D particle distributions. The particle distribution of the bunch is generated by means of the procedure generator of ASTRA [16] as a distribution of 100,000 macro-electrons with Gaussian distribution in each direction representing a total charge of 77 pC. Energy and emittance are chosen due to Table I .
The ions are distributed uniformly with respect to position. Each component of the velocity vector (v i , i ¼ 1; 2; 3) is determined by the Maxwell-Boltzmann distribution given by
Here, m denotes the mass of the ion species, k B ¼ 1.38 × 10 −23 J K −1 the Boltzmann constant and T the temperature taken with T ¼ 300 K. For the studies ion clouds with different ion species are utilized. The data of these ion cloud compositions are summarized in Table II . For the first test case the ion cloud consists only of H þ 2 . The second composition (mixture 2) corresponds to studies for the Cornell X-ray ERL [1] . Mixture 3 was taken due to measurements at SPEAR3 [17] . The main difference of these last two compositions lies in the percentage of the ions much heavier than H þ 2 : for mixture 2 it is 2% and in mixture 3 it is 52%. Mixture 4-6 are taken from recent simulations of the possible profiles of the vacuum pressure in bERLinPro under three different conditions [18] . Here the vacuum pressures vary from 4.0 × 10 −10 to 3.5 × 10 −12 mbar due to different chamber coatings and pump configuration. In comparison to the first three mixtures, the percentage of heavy CO þ ions is much higher in the last three mixtures. Table III From the very good agreement between our simulation and the analytical formulas, we conclude that the upgraded software correctly models the beam-ion-interaction.
C. Numerical studies with clearing electrodes
As described in the last section, the ion clouds are modeled with the mixtures specified in Table II . The ions are distributed over the whole pipe's cross-section along a length of 1 cm and 2 cm, respectively. The beam pipe is modeled either as a circular pipe with a radius of 2 cm or as an elliptical pipe with a semi-major axis of 3.5 cm and a semi-minor axis of 2 cm. The electrodes are button-like with a diameter of 16 mm. The electrodes are located on opposite sides of the beam pipe and the voltage of each is set to the same value of −2700 V due to the observations in [8] . With regard to the CPU-time and the computational resources, it is important to determine the number of ions that need to be taken into account for the clearing electrodes simulations. Assuming that all molecules of the residual gas are ionized a pipe with a radius of 2 cm is filled with 31 million ions per cm at a vacuum pressure of 10 −10 mbar. Simulation results for these parameters have been presented in [8] . From experiences in accelerator operation this pressure can be related to a maximum pressure of 10 −8 mbar in worst case, which corresponds to 3,100 million ions per cm for the related simulations. That in turn is impossible to run on a normal PC. Hence, the question is what can be concluded from a simulation with, e.g., 1 million ions for the dynamics of 31 million ions and more.
As a test, we compare the results from simulations with ion clouds-consisting only of H þ 2 -of 1 million, 31 million (corresponds to a vacuum pressure of 10 −10 mbar) and 150 million ions (corresponds to a vacuum pressure of ca. 5 × 10 −10 mbar), respectively. Figure 6 presents the clearing time for these ion clouds scaled up to 150 million in order to make the results comparable. It turns out that independent of the number of ions most of the ions are cleared after 1 μs. As a consequence we perform the simulations of mixed ions only with a total number of 1 million ions. Figure 7 shows the clearing time for ionized residual gas with compositions according to Table II . As the elliptical beam pipe has larger dimensions, the corresponding simulations start with a higher number of ions. After a clearing time of about 3 μs an equilibrium like state is reached. As shown exemplary in Fig. 8 for the mixture 5, independent of the extent of the simulation-window (here 1 cm and 2 cm, respectively) about the same number of ions remains in the vicinity of the beam. It seems as if the clearing time increases with increasing percentage of heavier ions. Repeating the simulations for the mixtures 4-6 in a circular beam pipe (see Fig. 9 ) verifies that as expected the clearing time increases with increasing percentage of heavier ions in the ionized residual gas. Figure 10 shows the evolution of the ion cloud with mixture 2 within the first μs, where only H phase-space distributions after 5000 interactions with the electron bunch for mixture 4. Please note that also in this case the initial ion distribution is uniform for all ions. The clearing electrodes are positioned vertically, as can also be concluded from the vertical phase-space distribution. The electron beam axis is at (0,0). The ions obtain strong vertical momenta aimed toward the electrodes while their horizontal momenta aim in different directions. The overall motion of the ions is a spiraled motion toward the electrodes. The lighter H þ 2 ions are almost fully removed, while the much heavier CO þ ions remain in the pipe.
NUMERICAL STUDIES OF THE BEHAVIOR OF
As explained previously, after some time the field of the electrodes snatches away the ions from the vicinity of the beam. The change in the slope of the curves in Fig. 7 marks the onset of this process. It coincides with the oscillations of the horizontal emittance ε x shown in Fig. 12 . Since the direct impact of the clearing field on the electrons remains unchanged in these simulations, the change of the field configuration is only due to the significant reduction of ions in the vicinity of the beam. After some time-the extent of which depends on the specific ion mixture-the majority of the remaining ions are located inside the bunch area (see Fig. 10 bottom) . The oscillations in the values of the emittance vanish at some level in the case of the circular beam pipe (Fig. 12) or get much smaller within the elliptical beam pipe (Fig. 13) . Please note that due to the finite extensions of the clearing electrodes and the different diameters of the simulated beam pipes, the clearing forces in the elliptical case are smaller than in the circular case. Consequently, the momentum of ions is much larger in the circular case as shown in Fig. 14 . Furthermore, in case of the elliptical beam pipe we stopped the computations after 4000 interactions with the electron bunch for mixture 5 and after 3000 interactions for mixture 6, because the number of remaining H þ 2 ions is small, the average value has a large numerical noise so that our model is not valid anymore (see Fig. 13 ). The impact on the vertical emittance is quite small for all mixtures.
Extending the simulation-window as shown, for example, in Fig. 15 for mixture 5, has a visible impact on the emittance as it changes the dynamics of the intra ion interaction. However, the overall behavior remains in the sense that the features of the variation in emittance are similar despite differing scales depending on the size of the interaction region.
D. Numerical studies with clearing gaps
In this section we study the impact of the effect of clearing gaps of different length on an ion cloud. All ion clouds are modeled with H þ 2 as described in Sec. IV B. Further a 50 MeV bunch with uniform distribution is assumed. The impact of single-bucket clearing gaps in a bunch train have already been investigated in [19] . In those previous studies different longitudinal distributions for the particles in the bunch and different spacings of the clearing gap have been investigated. It was concluded that although the single-bucket-gap clearly leads to an increase of the ion oscillation amplitudes around the beam, the excited amplitudes are not large enough to clear the beam vicinity of ions.
The impact of a short, two bucket long clearing gap as well as the impact of a longer gap of 100 buckets is presented in this work. In the simulations, the short gap occurs at each 8th bucket, while the long gap appears at each 900th bucket. Figures 16 and 17 show comparisons of the vertical oscillations of the ion clouds with and without the gaps and the corresponding Fourier analysis, respectively. It can be observed that the oscillation frequency in the case of a two-bucket clearing gap is lower than the oscillation frequency of the cloud interacting with a completely filled bunch train, but the amplitude of the excited oscillation is still not sufficiently large for ions to escape the beam potential. The situation changes for a longer gap of 100 bunches. Figure 18 presents the vertical oscillations. In this case, the gap is large enough, so that the amplitude of the oscillations increases remarkably. Hence, the transversally accelerated ions can escape the bunch potential, reach the wall of the vacuum chamber, and get neutralized. The corresponding Fourier analysis plotted in Fig. 19 shows that in contrast to a completely filled bunch train in this case many lower frequencies are excited.
In a third case we study the impact of the repetition frequency on the bunch. For this we change the bunch charge to keep the average current fixed and set the repetition rate to 1 MHz. This changes the bunch separation in Eq. (1) . Accordingly, all ions of the residual gas can escape from the attracting force of the beam potential. Clouds of three different ion species are investigated: Figure 20 shows the oscillations of these ions in the vertical direction. As expected the H þ 2 ions move fast and reach the wall of the vacuum chamber. According to the simulations all H þ 2 ions are neutralized after 7.24 μs. Since CO þ and CO þ 2 ions are much heavier and hence slower it takes much longer to accelerate these ions. Thus, the clearing process starts later as shown in Fig. 21 .
Nevertheless all CO
þ ions are cleared after 36.3 μs and the CO þ 2 ions after 50.5 μs.
V. CONCLUSION
In this paper, we present numerical studies on the behavior of ion clouds of different compositions interacting with bunch trains in an ERL. We take into account the effects of the clearing gaps and clearing electrodes. Furthermore, we provide detailed simulations of the behavior of the ions interacting with the electrical potential of the bunch and the field of the clearing electrodes simultaneously. For the numerical investigations, the software package MOEVE PIC Tracking developed at Rostock University has been used. The detailed numerical studies have been enabled by upgrading the code MOEVE PIC Tracking. Using analytical formulas for ion oscillation as benchmarking cases, we verify that the upgraded code models the bunch-ion interaction correctly. The presented numerical investigations take into account the parameters of the ERL bERLinPro.
From our simulation, we conclude that using clearing electrodes with a voltage as high as −2700 V, the vicinity of the beam can be sufficiently cleared. For a pressure on the order of 10 −10 mbar, a clearing time of about a few μs leads to an equilibrium-like state. For this pressure the neutralization time in bERLinPro is about 10 s to 20 s, thus significantly (7 orders of magnitude) bigger than clearing time. Decreasing the accelerator pressure by an order of magnitude to 10 −11 mbar can allow for much lower clearing voltage while maintaining the same neutralization-time to clearing time ratio. Using NEC-coated vacuum chambers, which are available today, a pressure of 10 −11 mbar and less seems within reach. However, independent of the extent of the simulation-window and the shape of the simulated pipe about the same number of ions remain in the vicinity of the beam. It seems as if the clearing time and the percentage of remaining ions increase with the increasing percentage of heavier ions in the residual gas composition. The impact on the beam emittance is more complex and can only be fully investigated after including the external magnetic fields in the code. This is the subject of ongoing studies.
While a short clearing gap of a few buckets excites only small changes in the oscillation amplitude of the ions clouds, a longer clearing gap in order of 100 buckets can clear out the ions very efficiently. A reduction of the bunch repetition rate to 1 MHz prevents the ion trapping and is thus a very effective remedy. However a reduction of the repetition rate as well as a long clearing gap might not be very attractive in operation of an ERL, therefore the usage of clearing electrodes in the locations where the electrical potential of the beam is maximal-e.g., location with minimal transverse beam size-seems to be the best option to counteract the impact of the ions in bERLinPro. 
